Murine monoclonal antibodies (MAbs) specific for DNA-RNA hybrids were successfully produced with two different heteropolymers as antigens, cDNA-mRNA and +X174 DNA-RNA heteroduplexes. The former was simpler to prepare. Both had shown similar immunogenicities. Two different immunoglobulin M MAbs were isolated. The 20D3 MAb, generated with the +X174 DNA-RNA hybrid, showed association constants of 1.05 x 1o12, 2.12 x 1010, and 1.68 x 107 for the antigens +X174 DNA-RNA, cDNA-mRNA, and poly(rA)-poly(dT), respectively. The 6B5 MAb, obtained with the cDNA-mRNA hybrid, showed association constants of 1.59 x l0S, 5 x 1012, and 7.1 x 108 for the above-described antigens, respectively. With the 20D3 MAb, an immunoassay was developed for the detection ofListeria DNA-RNA hybrids. In brief, a biotinylated rRNA gene probe specific for the genus Listeria was hybridized with rRNA in the solution phase. The hybrids thus formed were then captured in microtiter plate wells precoated with the purified 20D3 MAb, and the probe-target hybrids were detected with a streptavidin-alkaline phosphatase conjugate. This assay was shown to be specific for the genus Listeria and highly sensitive, allowing the detection of as little as 2.5 pg of target rRNA.
Nucleic acid hybridization is a powerful analytical tool for the detection of infectious agents in biological samples. In such assays, liquid-phase hybridization, as opposed to solidphase hybridization, provides many advantages. For example, it enhances the rate of hybridization, minimizes the interference from extraneous materials, and ensures the complete accessibility of target sequences, resulting in greater sensitivity. However, the separation of hybridized from unhybridized probes represents a critical step in detection assays with liquid-phase hybridization. Methods currently used, such as hydroxyapatite chromatography (3) and endonuclease digestion (13) , do not efficiently separate hybridized from unhybridized molecules. In the absence of satisfactory separation, the assay could lead to false-positive results.
The development of antibodies against a specific conformation of nucleic acids could provide an attractive and reliable method for detecting annealed probes. Much work done previously on nucleic acid-specific antibodies focused on pathogenic double-stranded DNA (dsDNA)-specific antibodies produced in several autoimmune diseases (5) . Induced nucleic acid-specific antibodies have been studied much less, probably because of the poor immune response to injected nucleic acids (9, 15) .
Purified anti-nucleic acid antibodies were successfully produced earlier by Wollack and Erlanger (21) and by Traincard et al. (20) . Antibodies recognizing the characteristic helical shapes of nucleic acids (A, B, and Z) also have become available (15) . However, the production of antibodies to dsDNA (helical B-DNA) is not easily achieved. Many such antibodies produced do not adequately distinguish * Corresponding author. between native and denaturated DNAs (16) . However, immunization with the helical A conformation (RNA-DNA or RNA-RNA) yielded backbone-specific antibodies (4, 10) , with little dependence on the base sequence (17) . Anti-RNA-DNA (anti-HNA, for antibody to heteroduplex nucleic acid) antibodies do not recognize dsDNA, mainly because of the differences in conformation between the two types of helices (vertical rise per base pair, helical diameter, and rotation per base pair).
Synthetic nucleic acid hybrids have been used widely as immunogens for the induction of anti-HNA antibodies. These antigens can be prepared in amounts suitable for immunization. However, the antiserum produced by such synthetic antigens usually results in significant cross-reactions with dsDNA and/or RNA because of the unmatched copolymers in the synthetic immunogens (10, 12) . Two polymers frequently used in the production of anti-HNA polyclonal antibodies are poly(A)-poly(dT) (15) and poly(I)-poly(dC) (10) . Of the two, poly(A)-poly(dT) was found to be much more suitable, having certain similarities to naturally occurring DNA-RNA hybrids. The antibodies produced were successfully used to detect heteroduplex nucleic acids (HNAs) after in situ hybridization with an RNA probe (15) . Antibodies raised against synthetic polymer nucleotides often were found to be dependent on repetitive sequences.
DNA-RNA heteropolymers synthesized from naturally occurring sequences also have been used as immunogens, particularly to obtain antibodies that are sequence independent. HNA antigens prepared by in vitro transcription of phage 4X174 single-stranded DNA (ssDNA) with RNA polymerase are the only antigens from naturally occurring sequences that have been used in raising anti-DNA-RNA antibodies. This antigen group has been shown to be more antigenic than synthetic polymers. This result was confirmed by Nakazato (11, 12) , who showed that antibodies to poly(A)-poly(dT) duplexes had only a weak affinity for DNA-RNA heteropolymer duplexes. The major disadvantages of immunization with natural HNA antigens is related to the large amount of ssDNA required by the transcription reaction. In an in vitro transcription reaction, the OX174 viral DNA is usually incompletely copied (because of its large size), resulting in the generation of cross-reacting antibodies, especially anti-ssDNA antibodies. The screening of hybridoma clones producing HNA-specific antibodies is therefore critical.
In this study, we prepared a full-length DNA-RNA hybrid by synthesizing cDNA over globin mRNA with murine leukemia virus reverse transcriptase. The hybrid generated was used in an immunization protocol from which anti-HNA monoclonal antibodies (MAbs) were obtained.
The immunogenicity of this antigen was compared with that of an antigen prepared by transcription of ssDNA with DNA-dependent RNA polymerase. The immunogenicity of the antigen, as influenced by its polymer length, also was examined.
Specific anti-DNA-RNA MAbs against antigens obtained by both methods were characterized and used to measure the hybridization of Listeria rRNA with a biotinylated DNA probe. Hybridization was carried out in the liquid phase, and the resulting HNAs were estimated in an enzyme-linked immunosorbent assay (ELISA) with the antibodies (HNA-ELISA). The DNA probe had been developed previously in our laboratory (6) .
MATERIALS AND METHODS
For avoiding the degradation of nucleic acids, all glassware and plasticware coming into contact with nucleic acids was washed thoroughly and rinsed with distilled water previously treated with a 0.1% solution of diethylpyrocarbonate (Sigma Chemical Co., St. Louis, Mo.) as described by Sambrook et al. (14) .
Preparation of the cDNA-mRNA antigen. cDNA-mRNA hybrids were synthesized by use of a first-strand cDNA synthesis kit (Pharmacia, Uppsala, Sweden). In accordance with the manufacturer's protocol, the reaction was expected to result in the full-length transcription of mRNAs. Commercial rabbit globin mRNAs of 600 and 650 bases (GIBCO/ Bethesda Research Laboratories, Burlington, Ontario, Canada) were used as templates. In brief, 5 ,ug of mRNA was placed in a microcentrifuge tube, and the volume was completed with water to 20 ,ul. RNA was heat denatured at 65°C for 10 min and then chilled on ice. To this RNA were added 11 ,u1 of the bulk first-strand reaction mixture, 1 p.1 of dithiothreitol solution, and 1 ,u1 of pd(N)6 primer. Murine leukemia virus reverse transcriptase was added, and the mixture was incubated for 1 h at 37°C (murine reverse transcriptase was preferred over avian reverse transcriptase because of its lower endonuclease activity [11] ). The firststrand cDNA reaction product was extracted with phenolchloroform and then precipitated twice in 2.5 M ammonium acetate. These two sequential precipitations resulted in the removal of over 99% of the free deoxynucleoside triphosphates remaining in solution (13) . The pellet was then washed twice with 70% ethanol and resuspended in 1 ml of 0.1x SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate).
The material produced in the reaction was analyzed by carrying out a small-scale parallel reaction in which
[32P]dCTP was incorporated. The amount of cDNA synthesized was calculated by the following formula (13) : p.g of cDNA synthesized = (cpm incorporated x d)/total cpm, where d is the amount of cDNA, in micrograms, that the reaction is capable of generating. The yield of this reaction was usually close to 50% of the weight of the RNA used in the reaction mixture.
Preparation of the +X174 DNA-RNA antigen. XX174
DNA-RNA hybrids were synthesized by in vitro transcription of 4X174 circular ssDNA (GIBCO/Bethesda Research Laboratories) with Escherichia coli DNA-dependent RNA polymerase (Pharmacia). This procedure was adapted from the method of Nakazato (12) Preparation of the antibodies. Female BALB/c mice (Charles River, St. Constant, Quebec, Canada) were immunized intraperitoneally by standard immunization protocols with a BSA-DNA-RNA complex. In brief, 25 p.l of 1% methylated BSA (mBSA; Sigma) was mixed at room temperature with 0.5 ml of DNA-RNA solution (1 A260 unit per ml) under the conditions described by Nakazato (11) . The resulting hapten-carrier complex formed was emulsified in an equal volume of complete Freund adjuvant for the first injection and incomplete Freund adjuvant for the subsequent injections. The immunization protocol consisted of two intraperitoneal injections of 10 p.g of the HNA-mBSA complex antigen at a 2-week interval. Eleven days following the second injection, the mice were boosted once intraperitoneally with 20 p.g of the HNA-mBSA complex. The mice were splenectomized 3 days later. The spleen cells were fused with SP2/0 myeloma cells in the presence of polyethylene glycol 4000 (Merck). The (ii) Liquid-phase hybridization assay. The liquid-phase hybridization assay is based on a hybridization reaction between target rRNA prepared from a lysate of Listeria monocytogenes (7) The optimal concentrations of capture antibodies and SA-AP conjugates used in this assay were determined as follows. The microtiter plates were coated with serial twofold dilutions of capture antibodies starting at 5 ,ug/ml and ending at 1.25 pg/ml. A constant amount of HNA antigen was applied to each microtiter plate (either 25 or 0.05 ng/ml). SA-AP conjugates were then added as serial twofold dilutions starting at 1.6 ,ug/ml and ending at 50 ng/ml. After substrate addition, the absorbance of each well was measured and the parameters yielding the highest signal/noise ratio were chosen.
RESULTS AND DISCUSSION
The formation of a DNA-RNA hybrid during the reverse transcriptase reaction was monitored by carrying out a parallel reaction in which radioactive nucleotides were incorporated during polymerization. An analysis of the reaction products on a 1% agarose gel (Fig. 1) showed the efficiency of the transcription reaction. From the figure, we estimated that the cDNA synthesized was equal in quantity to the mRNA template and therefore concluded that fulllength first-strand cDNA synthesis was achieved, as expected theoretically (14) . The formation of such a DNA-RNA hybrid is imperative for preparing specific anti-DNA-RNA MAbs to avoid inducing nonspecific antibodies related to the nontranscribed fragment in the single-stranded template.
Two antigens were used to immunize groups of mice. In a total of six fusion experiments (three for each antigen; 7,200 culture wells), about 30 wells were positive in an ELISA with wells coated with antigens. Of these, the 20D3 and 6B5 wells were retained for additional work. Hybridoma cell lines were established by limiting dilution culturing (twice). The secreted antibodies were of the IgM class.
Epitope specificity of MAbs. Six competing species of nucleic acid molecules (ssDNA, ssRNA, dsDNA, DNA-RNA hybrids) and mBSA were used to verify the abilities of both antibodies to detect HNAs specifically. The results of the inhibition tests are shown in Fig. 2 . Percentages of inhibition were calculated by use of the amount of the antibody bound to the original antigen used for eliciting the MAbs.
The reactivity of the 20D3 MAb was completely inhibited by the two HNA antigens and by poly(rA)-poly(dT). No significant inhibition was obtained with ssDNA or dsDNA. However, significant (40%) inhibition was observed with ssRNA. A similar inhibition was also observed with reovirus dsRNA (data not shown).
The level of inhibition at high concentrations of ssRNA was not higher than 40%, indicating that the avidity of 20D3 for DNA-RNA is much higher than that for ssRNA. The cross-reactivity with RNA is probably due to the presence of secondary structures in the RNA molecules. It is known that the conformations of dsRNA and HNA molecules are in fact very similar (12) . This characteristic does not pose any problem for the detection of a DNA-RNA duplex (see below). The 6B5 MAb was significantly inhibited only by HNAs formed by synthetic DNA-RNA and weakly inhibited by those formed by cDNA-mRNA. The reactivity of the 6B5 MAb against these molecules indicates that the poly(A) sequence in both poly(rA)-poly(dT) and cDNA-mRNA hybrids is probably important for the recognition of the target antigen. The inhibition observed with mRNA (ssRNA in Fig.  2 ) corroborates this hypothesis. The short stretch of poly(rA)-poly(dT) could serve as an epitope because of the particular helical structure associated with this region (16) and the conformational flexibility associated with such regions in antigenic nucleic acids (1) .
The results demonstrate that the 20D3 MAb recognizes the helical conformation of the HNA duplex with no dependence on the nucleotide sequence. dsDNA was not recognized by both antibodies, probably because of the difference in the helical conformation. Results obtained with the 6B5 MAb agree with those of Stollar et al. (17, 18) , who showed that the presence of unusual base sequences (like repetitive sequences) in a hybrid molecule could lead to base sequence-dependent reactivity.
Measurement of MAb avidity. Avidity is an important parameter in studying the selectivity of an MAb. This avidity can determine the detection limit of the immunoassay. Two experiments were performed to evaluate the avidity of the two MAbs for three HNA antigens. First, the association constants were measured for the 20D3 and 6B5 MAbs. In the second experiment, the kinetics of MAb binding to HNA hybrids were determined.
(i) Determination of the association constants. The association constants of the antibodies raised against HNA hybrids were determined by use of an ELISA with data from the inhibition tests. Figure 3 shows the Klotz representation of the competition assay, and the association constants calculated from the linear regression equation are presented in Table 1 . The results confirmed those obtained in studies of epitope specificity. The 20D3 MAb had the highest avidity for natural HNA antigens; it recognized 4X174 DNA-RNA and cDNA-mRNA with avidities 107 and 100 times higher than those of the 6B5 MAb, respectively. The 6B5 MAb had the highest avidity for synthetic HNA antigens and recognized poly(rA)-poly(dT) with a 105-times-higher avidity than that of the 20D3 MAb.
Variations in association constants showed a small dependence on antigen size, probably because of the multivalent poly(dT) was used as the antigen, the maximum signal was obtained with the 6B5 MAb. The intensity of the signal generated was verified by studying the effect of the concentration of the 20D3 MAb applied to each well and the concentration of the target antigen 4X174 DNA-RNA. Figure 5 indicates that the dose response with each MAb concentration increased between 0 and 300 ng of target antigen. The maximum signal produced was constant for higher antigen concentrations. The signal also depended on the MAb concentration used.
Application of anti-HNA antibodies to the detection of listeriae. Since the specificity and the ability of the 20D3 MAb to detect DNA-RNA hybrids have been confirmed, we studied its ability to detect Listeria rRNA-probe DNA hybrids. As shown in Fig. 6 (6) .
The advantage of the antibodies described here is that they can be used for capturing all HNA molecules, irrespective of the nucleotide sequence. The system described here is more sensitive than that described by Coultee et al. (4) , in which an antibiotin antibody was used to coat microtiter plates and thus capture the biotinylated hybrid formed; this procedure is particularly useless for samples such as dairy products, which contain biotin.
<SA-AP The development of the 20D3 MAb provides an interesting tool for the nonisotopic detection of gene probes in a liquid-phase hybridization assay. The immunoassay procedure developed was successfully used to measure Listeria HNA formed in solution. This procedure could be used in the detection of any bacterial rRNA on the condition that the target molecule and its specific probe form an HNA.
